The survival of dorsal root ganglion and sympathetic neurons is promoted whether nerve growth factor (NGF) activates TrkA receptors on the cell body or the axon. Yet other aspects of neurotrophic factor actions (i.e., ability to promote axon growth, selection of neurochemical phenotype and engagement of signaling modules) differ as a function of the location of the ligand-receptor interaction. The extent to which these observations are relevant to CNS neurons is unknown. This may be particularly relevant to neurodegenerative diseases such as amyotrophic lateral sclerosis, where beneficial axon-target interactions are disturbed early in the disease process. Here we characterize the growth of pure motor neurons in compartment cultures and show that brain-derived neurotrophic factor (BDNF) stimulation of the cell body or axons/dendrites promotes survival. Expression of G37R mutant superoxide dismutase (SOD) in motor neurons will lead to death and this depends on BDNF activation of TrkB on axons and/or dendrites. BDNF action depends upon endocytosis of the BDNF-TrkB complex and de novo protein synthesis. These results highlight the importance of signaling events occurring in axons/dendrites in mutant SOD toxicity.
Introduction
The survival of developing neurons depends upon their ability to innervate appropriate target cells and obtain target-derived trophic support (Hamburger, 1958) . Work using peripheral nervous system neurons has demonstrated that the nature of trophic factor signaling events differs as a function of location (Segal, 2003) . For example, in dorsal root ganglion cells, extracellular-regulated kinase 5 (Erk5) conveys the prosurvival signal upon activation of TrkA receptors on axons. In contrast, Erk1/2 conveys the prosurvival signal upon activation of TrkA receptors on the cell body (Watson et al., 2001) . In sympathetic neurons, phosphatidylinositol 3Ј kinase (PI3ЈK) conveys the prosurvival signal upon activation of TrkA receptors on axons, while a non-PI3ЈK pathway conveys the prosurvival signal upon activation of TrkA receptors on the cell body (Kuruvilla et al., 2000) . Thus, under normal circumstances, neurons must adjudicate multiple signaling events (those arising from the periphery vs those arising at the cell body) to maintain normal function. In addition, the specific signaling events may differ between distinct neuron types.
While BDNF promotes neuronal survival, it can also make neurons vulnerable to the toxicity of oxygen-glucose deprivation (Koh et al., 1995) , oxidative stress (Kim et al., 2003) , nitric oxide (Ishikawa et al., 2000) , excitotoxicity (Fryer et al., 2000; Hu and Kalb, 2003) , and proteotoxic stress (Mojsilovic-Petrovic et al., 2006) . Here we show that this effect depends on BDNF stimulation of motor neuron neurites in a manner that involves ligandreceptor endocytosis and local protein synthesis. Our findings suggest that proteins synthesized in axon/dendrites in a BDNFdependent manner critically impact the ability of motor neurons to survive toxic insult.
Materials and Methods
Compartment culture. Thirty-five millimeter tissue culture dishes were coated with poly-D-lysine (50 g/ml, Sigma) and mouse laminin (5 g/ ml, Invitrogen) and a pin-rake was used to scratch parallel lines across the diameter of the dish. Next, a Teflon divider (Camp10, Tyler Research Instruments) seated with silicone grease (Dow Corning) was placed orthogonally across the scratch lines. The integrity of the seal was tested in every dish by placing sterile media in the neurite (side) compartments and looking for leakage into the cell body compartment after 24 h in the incubator. All dishes with leaks were discarded.
Pure motor neurons were obtained from E14 rat embryos as previously described (Fryer et al., 2000) , and 40,000 purified motor neurons were plated in 30 l of media in the cell body chamber of the compartment culture (Campenot, 1977) . It is difficult to determine precisely the total number of motor neurons that adhere to the substrate and survive because of the nonuniform distribution of cells in the cell body chamber, a variable degree of cell clumping, and the optical limitations imposed by the plastic dish.
"NB ϩ CGC" media consists of Neurobasal media (Invitrogen) with 2% horse serum, 5% B27 (Invitrogen), 0.5 mM GlutaMax (Invitrogen), 50 M 2-mercaptoethanol (Invitrogen), 1% penicillin-streptomycin (Invitrogen), and 10 M 5-fluoro-5Ј-deoxyuridine (Sigma) supplemented with 1 ng/ml of CT-1, GDNF, CNTF (Alomone Labs). Cells were maintained at 37°C with 5% CO 2 . Media in the cell body compartment included 50 ng/ml BDNF for the first 2 d and then changed to 1 ng/ml BDNF for the subsequent week. Media in the neurite compartment contained 50 ng/ml BDNF for the first week of culture (to robustly promote neurite growth). Subsequently neurons were grown in NB ϩ CGC until subsequent experimental manipulations.
CM-DiI labeling was accomplished by addition of chloromethyl DiI (1 M, Invitrogen) to the neurite compartment overnight at 37°C, then washing three times in culture media.
In toxicity studies, 14 DIV cultures were infected with 1 l of recombinant herpes simplex virus (HSV) engineered to express G37R mutant SOD [viral titer was 3-5 ϫ 10 7 plaqueforming units (PFU)/ml]. Trk activation was blocked using CEP-4416 as previously reported (Mojsilovic-Petrovic et al., 2006) and biochemically confirmed here after acute (30 min) or chronic (6 h) application of BDNF to cultures (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Cell survival quantification. The total number of CM-DiI-labeled motor neurons was determined in a rectangular region of interest (RROI) defined by the Teflon walls ("east" and "west" boundaries) and successive scratches made by the pin comb ('north" and "south" boundaries). A RROI was chosen for study if the density of labeled cells was not prohibitively high and the precise location in the culture dish was noted so that we could return to the same RROI at a subsequent time point. For each culture dish, 4 -5 RROIs were counted and summed. After an experimental manipulation, we determined the number of motor neurons in the specific RROIs that were previously counted. All results are expressed as the number of motor neurons in summed RROI after manipulation divided by the number of motor neurons at the initial time point ϫ 100 ("% motor neuron survival"). In any given experiment, we averaged no less than 5 dishes/ condition. An example of the raw data that was used to generate "% motor neuron survival" for Figure 1 is present in supplemental Table 1 (available at www.jneurosci.org as supplemental material).
Mixed spinal cord neuron cultures. To have sufficient material for biochemical determinations, we used mixed spinal cord neuron cultures in the surface biotinylation experiments. E14 -E16 embryonic rat spinal cord neurons were grown on confluent monolayers of cortical astrocytes, as described previously (Hu and Kalb, 2003) .
Surface biotinylation. We performed cell surface biotinylation and immunoblotting as previously described (Zhou et al., 2008) .
Immunocytochemistry, immunoprecipitation, and immunoblotting. Immunocytochemical studies were performed as previously described (Fryer et al., 2000) . The following primary antibodies were used: anti-MAP2 (1:100, Millipore) and SMI-32 and SMI-312 (1:1000, Covance). The anti-tau antibody was a generous gift from Dr. Virginia Lee (University of Pennsylvania, Philadelphia, PA). Alexa-conjugated secondary antibodies were from Invitrogen. Immunoprecipitation and immunoblotting were performed as previously described (Mojsilovic-Petrovic et al., 2006) . The following primary antibodies were used: anti-phosphotyrosine (Millipore), anti-TrkB (Santa Cruz Biotechnology), antiphosphoAKT, anti-AKT, anti-phosphoMAPK, anti-MAPK, anti-human SOD (Cell Signaling Technology), and anti-actin (Sigma).
Statistics. Data are presented as mean Ϯ SD. ANOVA was used to compare groups, followed by post hoc analysis using Bonferroni adjustment for multiple comparisons procedure. The level of significance was set at p Ͻ 0.05.
Results
We found excellent long-term survival of purified motor neurons when grown in a cocktail of neurotrophic factors in the cell body and neurite compartments. Hoechst staining of the cell body or neurite compartments confirmed that the media in each compartment is isolated and that cells with nuclei exist exclusively in the cell body compartment (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Within the first few days of culture, neurites begin to be visible in the neurite compartments and grow in number, length, and complexity over the subsequent 2 weeks (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Neurites expressed immunological markers for axons and dendrites.
Motor neurons with processes into the neurite compartments (labeled by neurite compartment CM-DiI) were stained with Hoechst, and this led us to estimate that ϳ35% of motor neurons in the cell body compartment have processes in the neurite compartment. Trophic factors promote the survival of motor neurons when presented to the cell body or to axons/dendrites. Purified motor neurons were exposed to trophic factors or vehicle ("-") in the cell body or neurite compartments and cell survival was determined 1, 3, and 5 d later (noted below bar graph, respectively). Provision of trophic factor support to either the cell body or neurites promoted motor neuron survival. In the absence of trophic factors, there was a statistically significant loss of motor neurons that progressively worsens the longer the cultures are deprived of trophic factors.
Figure 2.
Motor neurons expressing mutant SOD die when stimulated by BDNF on axons or dendrites. Purified motor neurons were cultured in the cell body compartment of a chamber culture, infected with HSV-mutant SOD, and then grown in media with BDNF or TrkB-Fc (A) or with CEP4417 or vehicle in specified compartments (B). In the experiment described by A, motor neuron death occurred only when BDNF was present in the neurite compartment. In B, motor neuron death was prevented by application of CEP-4416 to the neurite compartment.
To examine spatial aspects of trophic factor survival signaling of motor neurons, we grew purified motor neurons in the cell body compartment of the compartment culture for 2 weeks in NB ϩ CGC media labeled by CM-DiI, counted in specific RROIs and the values recorded. The next day, three experimental groups were generated: (1) NB ϩ CGC media in the cell body compartment and NB in the neurite compartment, (2) NB ϩ CGC media in the neurite compartment and NB in the cell body compartment, and (3) NB in both the cell body and neurite compartment. We then counted motor neurons in the previously noted RROIs at subsequent time points. For ease of presentation, we express results as percentage motor neuron survival (see Materials and Methods for details), but the absolute values are also provided (supplemental Table 1 , available at www.jneurosci.org as supplemental material). At the 1 d time point, 99 Ϯ 2% of motor neurons survived when CGC was present in the cell body compartment, 101 Ϯ 1% of motor neurons survived when CGC was present in the neurite compartment, and 82 Ϯ 7% of motor neurons in the no CGC supplied group (group differences by ANOVA, F (2,21) ϭ 18.29, p Ͻ 0.0001). At the 3 d time point, the survival rates were 97 Ϯ 4%, 98 Ϯ 6%, and 69 Ϯ 7% in the respective groups (F (2,21) ϭ 27.80, p Ͻ 0.0001). At the 5 d time point, the survival rates were 100 Ϯ 2%, 99 Ϯ 4%, and 54 Ϯ 6% in the respective groups (F (2,21) ϭ 225.1, p Ͻ 0.0001) ( Fig. 1 ; supplemental Table 1 , available at www.jneurosci.org as supplemental material). These results indicate that provision of trophic factors to the motor neuron cell body or axon/dendrites strongly promotes survival.
In amyotrophic lateral sclerosis (ALS), motor neurons die, and the disease has been modeled in vivo and in vitro by expression in neurons of a mutant version of superoxide dismutase (SOD). In previous in vitro work, we found that BDNF-TrkB signaling makes motor neurons susceptible to mutant SOD toxicity (Mojsilovic-Petrovic et al., 2006) . This led us to ask whether the location of BDNF-TrkB signaling played a role in rendering cells vulnerable to insult. We began by preparing motor neuron cultures as above and infecting with HSV-G37R-mutant SOD at 14 DIV. The following day, all compartments were washed and the media replaced to generate the following experimental groups: (1) NB ϩ CGC media including BDNF ("ϩBDNF") in all compartments, (2) NB ϩ CGC media lacking BDNF and including TrkB-Fc ("ϪBDNF/ ϩTrkB-Fc") in all compartments, (3) NB ϩ CGC media ϩBDNF in the cell body compartment and NB ϩ CGC media ϪBDNF/ ϩTrkB-Fc in the neurite compartment, and (4) NB ϩ CGC media ϪBDNF/ϩTrkB-Fc in the cell body compartment and NB ϩ CGC media ϩBDNF in the neurite compartment. Group differences were found with ANOVA (F (3,16) ϭ 648.5, p Ͻ 0.001), and post hoc tests showed that statistically significant motor neuron death was seen when BDNF was provided to all compartments in comparison with no BDNF in any compartment (49 Ϯ 5% vs 96 Ϯ 3%, p Ͻ 0.001) ( Fig. 2A) . In addition, motor neuron death was seen when BDNF was presented to the neurite compartment but not to the cell body compartment (51 Ϯ 3% vs 98 Ϯ 2%, p Ͻ 0.001) ( Fig. 2A) . Thus, BDNF-TrkB signaling at axons/dendrites renders motor neurons susceptible to the toxic actions of mutant SOD.
We next examined the spatial aspects of BDNF signaling pharmacologically, using CEP-4416, a molecule that blocks activation of Trk receptors (Mojsilovic-Petrovic et al., 2006) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Motor neuron cultures were prepared as above, infected with HSV-G37R-mutant SOD, and maintained with CGC ϩ BDNF media. We compared survival in four experimental groups: (1) application of the TrkB antagonist CEP-4416 to the cell body and neurite compartments, (2) application of CEP-4416 to the cell body compartment and application of vehicle to the neurite compartments, (3) application of CEP-4416 to the neurite compartments and application of vehicle to the cell body compartment, and (4) application of vehicle only to the cell body and neurite compartments. By ANOVA, group differences were found (F (3,25) ϭ 350.7) (Fig. 2 B) . The post hoc analysis revealed that application of CEP-4416 in all compartments provided a statistically significant protection against mutant SOD toxicity in comparison with vehicle-only-treated cultures (100 Ϯ 2% vs 50 Ϯ 5%, p Ͻ 0.001). In addition, CEP-4416 application to the neurite compartments was also neuroprotective, while its application to the cell body compartment conferred no protection (98 Ϯ 4% vs 42 Ϯ 2%, p Ͻ 0.001). These observations show that the "susceptibility signal" is generated by activation of TrkB in the axon/dendritic domain.
Upon binding BDNF, TrkB undergoes autophosphorylation, leading to activation of multiple signaling modules, and subsequently the ligand-receptor complex undergoes endocytosis. Since events triggered by cell-surface receptors can differ from Figure 3 . Inhibition of endocytosis blocks the ability of BDNF to evoke vulnerability to mutant SOD toxicity. A, Mixed spinal cord cultures were infected with HSV engineered to express K44A dynamin or LacZ and then surface proteins were biotinylated. After stimulation with BDNF or vehicle, lysates were prepared and immunoprecipitated with streptavidin beads, and the pulldown material was immunoblotted for TrkB. The greater the signal, the more endocytosis has occurred. In cultures infected with LacZ, BDNF stimulates robust TrkB endocytosis, and this is completely blocked by expression of K44A dynamin. In B, Western blot for human SOD in cultures infected with HSV-mutant SOD alone, or plus HSV-LacZ or HSV-K44A dynamin. The abundance of mutant SOD is the same in all conditions. In C, the effect of K44A dynamin on mutant SOD toxicity was examined. Purified motor neurons were cultured in the cell body compartment of a chamber culture, CM-DiI labeled, counted, and infected with HSV engineered to express mutant SOD plus HSV-LacZ or HSV-K44A dynamin. BDNF was present in all compartments throughout the experiment, and the percentage survival was determined 6 d later. Expression of K44A dynamin protected motor neurons from mutant SOD toxicity.
those in which the ligand-receptor complex undergoes endocytosis (Zhang et al., 2000) , we inquired whether blocking endocytosis influenced the ability of mutant SOD to kill motor neurons. To achieve this end, we engineered a HSV to express the K44A mutant of dynamin, a well described genetic tool for blocking endocytosis (Ye et al., 2003) . To assess the efficacy of these tools, we biotinylated cell-surface proteins, stimulated endocytosis with BDNF, purified endocytosed proteins with avidin beads, and immunoblotted for TrkB. Upon addition of BDNF, there is a marked increase in the TrkB band indicative of robust ligandinduced internalization of the receptor in HSV-LacZ-infected neurons. HSV-K44A dynamin-infected cultures had no ligandinduced internalization of TrkB (Fig. 3A) . The overall abundance of TrkB in these cultures was unaffected by the virus treatments. In addition, coexpression of HSV-LacZ or HSV-K44A dynamin with G37R-mutant SOD did not affect the expression level of SOD (Fig. 3B) . These biochemical results demonstrate that in our tissue culture system, expression of K44A dynamin blocks BDNF-induced endocytosis of activated TrkB.
We next asked whether expression of K44A dynamin influenced mutant SOD-mediated motor neuron death. Motor neuron cultures were prepared as above and at 14 DIV infected with the following combinations of recombinant HSV: G37R mutant SOD, G37R mutant SOD ϩ LacZ, or G37R mutant SOD ϩ K44A dynamin. Motor neuron counts and ANOVA revealed differences between groups (F (2,21) ϭ 758.6, p Ͻ 0.0001) (Fig. 3C) . Post hoc analysis indicated a statistically significant promotion of motor neuron survival when coexpressing K44A dynamin with mutant SOD compared with mutant SOD alone (96 Ϯ 3% vs 49 Ϯ 3, p Ͻ 0.001) or mutant SOD plus LacZ (96 Ϯ 3% vs 47 Ϯ 6%, p Ͻ 0.001). These results indicate that endocytosis (presumably of TrkB) in axons and/or dendrites of motor neurons is required for the generation of a signal that renders motor neurons vulnerable to the toxic actions of mutant SOD.
Since BDNF can activate protein synthesis in the axon/dendrite compartment (Takei et al., 2001; Schratt et al., 2004) , we wondered whether the effects of active TrkB on axons/dendrites required local protein synthesis. In previous (noncompartment culture) studies, we found that exposing motor neurons to BDNF for 3-6 h was sufficient to render them susceptible to excitotoxic insult and that coadministration of CHX during the exposure to BDNF nullified the effect (Fryer et al., 2000) . Exposure to CHX for Ͼ12 h was toxic (data not shown). Here, motor neuron cultures were prepared as above and TrkB-Fc was added to all compartments before infecting cultures with HSV-G37R-SOD. Next, the neurite compartments of cultures were preincubated with 1 g/ml CHX or vehicle for 1 h followed by stimulation of the neurite compartment with 50 ng/ml BDNF for 6 h. As a control, one group of cultures was treated with BDNF in the neurite compartment 6 d in the absence of any CHX treatment. Following the pulse with BDNF (ϮCHX), the neurite compartments were washed and maintained in CGC ϪBDNF/ϩTrkB-Fc media for 6 d. We then counted the number of CM-DiI-labeled motor neurons, and the ANOVA indicated group differences (F (2,27) ϭ 38.78, p Ͻ 0.0001). The post hoc analysis revealed a statistically significant protective effect of coadministration of cycloheximide during the BDNF when compared with motor neurons pulsed with BDNF (no CHX) (95 Ϯ 3% vs 55 Ϯ 5%, p Ͻ 0.001) or grown continuously with BDNF in the neurite compartment (95 Ϯ 3% vs 51 Ϯ 2%, p Ͻ 0.001) (Fig. 4) . These results show that protein synthesis in axons/dendrites is essential for the BDNF-TrkBevoked state of vulnerability to mutant SOD toxicity.
Discussion
The biological effects of neurotrophin signaling vary as a function of the location on the neuron where the ligand binds its receptor. Here we demonstrate that motor neuron survival is promoted by trophic factor stimulation of either the cell body or axons/dendrites. Despite this equivalence, it is likely that trophic factor actions are different at these two neuronal locations. Only stimulation of the axon/dendrite domain with BDNF evokes a state of vulnerability of motor neurons to mutant SOD toxicity. It is noteworthy that muscle cells generate several trophic factors (including BDNF), and in ALS patients, the abundance of BDNF mRNA in muscle is particularly high early in the disease (Küst et al., 2002) . This has been interpreted to mean that muscle cells increase BDNF expression in response to partial denervation early in the course of ALS to promote neuromuscular junction (NMJ) stability (Gonzalez et al., 1999) . Our observations raise the possibility that activation of TrkB receptors on motor neuron axons might paradoxically exacerbate the pathophysiological process.
Exposure of axons or dendrites to BDNF induces translation of local mRNAs in a mammalian target of rapamycin-dependent manner (Schratt et al., 2004; Takei et al., 2004 Takei et al., , 2009 . This is likely to be relevant to BDNF-induced vulnerability of motor neurons to mutant SOD toxicity, since the effects of BDNF in the axon/ dendrite compartment are blocked by the protein synthesis inhibitor CHX. Considering that the pool of axonal mRNAs that could be translated in response to BDNF is deep, it is reasonable Figure 4 . Protein synthesis inhibition in axons/dendrites blocks the ability of BDNF to induce vulnerability to mutant SOD. Purified motor neurons were cultured in the cell body compartment of a chamber culture, CM-DiI labeled, counted, and then infected with HSV engineered to express mutant SOD for 24 h. BDNF was introduced into neurite compartment for a 6 h pulse or for the next 6 d. CHX or vehicle was present during the BDNF pulse. The percentage motor neuron death was determined 6 d later. Motor neuron death occurred when BDNF was continuously present in the neurite compartment. Motor neuron death also occurred if axons/dendrites were pulsed with BDNF, and this effect was blocked by coadministration of CHX.
to hypothesize that BDNF induces the expression of a suite of proteins that together confer vulnerability to insult. Nevertheless one can identify specific proteins that are plausibly key players. For example, in cortical neuron culture, BDNF stimulates translation of the NADPH oxidase subunits gp91-phox (NOX2), p22phox, p47-phox, and p67-phox (Kim et al., 2002) . Upon activation, NADPH oxidase reduces molecular oxygen to generate superoxide and other reactive oxygen species (ROS). Kim et al. (2002) show that the BDNF-stimulated increase in ROS leads to neuron death. In the G93A mutant SOD model of ALS, genetic deletion of NADPH oxidases (either NOX1 or NOX2) delays the onset and slows the progression of disease (Wu et al., 2006; Marden et al., 2007) . Immunohistochemically, NOX2 was localized to microglia (Wu et al., 2006) , although by in situ hybridization, NOX2 (as well as regulatory subunits p22phox, p47-phox, and p67-phox) is also present in motor neurons (Allen Brain Atlas, http://www.brain-map.org/). This example serves to illustrate that one mechanism by which BDNF could plausibly harm motor neurons is by stimulating the translation of proteins that increase oxidative stress.
The main finding in this report is that when BDNF activates TrkB on axons or dendrites, the complex undergoes endocytosis and stimulates the de novo synthesis of proteins that are important for mutant SOD toxicity of motor neurons. Given the increased scrutiny of events occurring in axons and the NMJ, we suggest a number of mechanisms that might, individually or collectively, be linked to the pathophysiology. Work in Caenorhabditis elegans has highlighted the functionally important role of axonal mRNA stability and translation under normal and pathological conditions (Yan et al., 2009) . It is worth noting, however, that in vivo, TrkB is expressed on adult motor neuron cell bodies and dendrites, and BDNF is produced in the spinal cord parenchyma (Copray and Kernell, 2000) (Zhang and Huang, 2006) . None of the results in this report exclude the possibility that the pathophysiologically significant processes are actually occurring in dendrites. Selective targeting of TrkB to axons or dendrites might allow us to address this issue. Ultimately, understanding the mechanism by which activation of TrkB on axons or dendrites renders motor neurons vulnerable to insult may permit new therapeutic approaches.
